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In order to investigate the role of the water molecules in Nao.35CoO2-l.3H2O, we synthesized superconduct- 
ing Nao.35CoO2-l.3H2O and nonsuperconducting Nao.35CoO2-O.7H2O, and measured their normal-state magnetic 
susceptibilities. The susceptibility of Nao.35CoO2-l.3H2O has an enhancement below 150 K probably caused 
by ferromagnetic fluctuation, whereas no such enhancement was observed in Nao.35CoO2-O.7H2O. The water 
molecules in Nao.35CoO2-l.3H2O may work to shield random coulomb potential of the Na ions with smoother po- 
tential at the C0O2 layer. This effect may account for the appearance of superconductivity in Nao.35CoO2-l.3H2O. 



There exist a large group of layered compounds 
with the chemical formula of A^MC^ (0 < x < 1) 
(A: Alkali metal, Cu, Ag, and so forth, M: tran- 
sition metal, Al, Ga, and so forth). In these 
compounds, M atom is octahedrally coordinated 
by six oxygen atoms, and the octahedra are con- 
nected by each other sharing edge to compose a 
two-dimensional MO2 layer. The M sites of the 
MO2 layer form a triangular lattice. The coor- 
dination of the A site varies depending on the 
structural type; for example, octahedral coordi- 
nation in an cv-NaFeCvtype structure, dumbbell 
coordination in a delafossite structure, etc. 

In many cases, the M ions in A^MC^ has a 
mixcd-valent state as expected from the composi- 
tion. Due to the layered structures and the mixed 
valent states, this family of compounds show a va- 
riety of physical and chemical properties. LiCo02 
is an electrode material practically employed for 
rechargeable battery due to its high mobility of 
Li ions which is caused by the layered structure. 
Ko.45Mn02 is well known because MnC>2 nano- 
sheets have been derived from it 0. LiVC»2 is 
considered to be a compound which shows orbital 
order [2j and CuFe02 shows a complex magnetic 
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phase diagram 3 with both properties originated 
from the triangular lattices of the M atoms. 

Na x Co02 is one of the most attractive com- 
pounds in the family. In this system, Co is be- 
tween trivalent (3d 6 ) and tetravalent (3d 5 ), and 
low-spin configuration is expected from the Co-0 
distance 0]. Thus, the C0O2 layer can be re- 
garded as an electron-doped 5 = 1/2 triangular 
lattice. The compound with x = 0.5 is famous 
for the large thermoelecric power It has a 
relatively large magnetic susceptibility of about 
3 x 10~ 3 emu/Co mol with weak temperature de- 
pendence. Moreover, spin-density-wave (SDW) 
like transition has been observed after 20% substi- 
tution of Cu for Co. These facts indicate that this 
compound is a strongly correlated metal. Simi- 
lar properties have been observed for compounds 
with other x values. In case of x — 0.7, charge 
ordered state has been observed [Hj- The mag- 
netic susceptibility of x = 0.75 has Curie- Weiss- 
like term, whose Curie constant cannot be ex- 
plained by local moments, and shows SDW-like 
transition at 22 K 0. 

Recently, Na . 35 CoO2-1.3H 2 O (NC01.3H20) 
was synthesized and it was found to undergo su- 
perconducting transition at Tc ~ 4.6 K The 
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Figure 1. Structure of Nao. 7 Co0 2 , Na . 35 CoO 2 1.3H 2 O (NC01.3H20), and Na .3 5 CoO 2 -0.7H 2 O 
(NCO0.7H2O). The dark octahedron, the gray circle, and the open circle represent C0O6, Na, and 
H20, respectively. 



two-dimensional nature of structure is far more 
pronounced in this compound where two adja- 
cent Co0 2 layers are separated by thick insulat- 
ing block composed of three layers of Na and 
H 2 with the distance of about 0.98 nm (see 
Fig. 2]). Its superconductivity looks to be un- 
conventional judged from unusual phenomenolog- 
ical superconducting parameters [5]. Moreover, 
no Hebel-Schlichter peak (coherence peak) has 
been observed in the temperature dependence of 
spin- lattice relaxation time of nuclear quadrupolc 
resonance (NQR) !) . This suggests that the su- 
perconducting gap has line-nodes denying simple 
s-wave symmetry. Concerning whether Knight 
shift changes at Tc or not, there are contradic- 
tious reports ^] and it is still unclear whether 
the Cooper pair is spin-singlet or triplet. On 
the other hand, theoretical studies have suggested 
various possibilities on the symmetry of supercon- 



ductivity: p + ip'-, d + id'-, and /- waves 

Quite recently, a new analogue was discovered 
related to NC01.3H20; it is Na .3 5 CoO 2 -0.7H 2 O 
(NCO0.7H2O) [12] where the Co0 2 layers are 
separated by a single plane composed of H 2 and 
Na rather than the triple planes in NC01.3H20 
(see Fig. 0. One may suppose that NCO0.7H2O 
is also superconducting because the Co0 2 layers 
are still separated largely with a distance of 0.69 
nm, which is larger than the distance between 
Cu0 2 planes of La 2 Cu04 (0.66 nm) [T3|. How- 
ever, superconductivity is completely suppressed 
in NCO0.7H2O and it is implied that water 
molecules in NC01.3H20 plays a certain impor- 
tant role for superconductivity besides the sepa- 
ration of the Co0 2 layers. We report here normal- 
state magnetic susceptibilities of NC01.3H20 
and NCO0.7H2O and discuss their difference in 
connection with the role of the water molecules. 
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Table 1 



Parameters obtained by the Curie- Weiss fit. 





NC01.3H20 


NCO0.7H2O 


Xo (10 4 emu/mol) 


2.95 


4.31 


A (lCT 10 emu/mol K 2 ) 


9.37 


9.36 


C (1(T 3 emu K/mol) 


8.36 


1.93 


6(K) 


-24.3 


-0.00459 



The powder samples of NC01.3H20 and 
NCO0.7H2O were synthesized through a soft 
chemical process |8I12) . A mother oxide 
Na . 7 CoO 2 was prepared from Na 2 C0 3 (99.99%) 
and C03O4 (99.9%) by solid-state reaction. A 
well-pulverized powder of Nao.7Co02 was im- 
mersed in the B^/CHaCN solution for 5 days to 
deintercalate Na + ions, then the product was fil- 
tered, washed with CH 3 CN and distilled water, 
and finally dried in 70% humidity atmosphere. 
The obtained samples were identified as a single 
phase of NC01.3H20. The NCO0.7H2O sample 
was obtained by storing NC01.3H20 under a N2 
gas flow for 6 days. Qualities of the samples thus 
prepared were checked by x-ray powder diffrac- 
tion. 

The magnetic susceptibility curves of 
NC01.3H20 and NCO0.7H2O are shown in Fig. 
ffl a): they have a broad minimum around 130 
K and 95 K, respectively. At first, we assumed 
simply Pauli paramagnetic term and Curie- Weiss 
term in which the latter was caused by magnetic 
impurities and/or lattice defects. Thus, the data 
between 10 K and 250 K were fit by the equation: 
X(T) = Xo + AT 2 + C/(T - 6). The obtained pa- 
rameters for NC01.3H20 and NCO0.7H2O are 
shown in tabled The difference between the sus- 
ceptibilities, Ax = XNCO0.7H2O - XNC01.3H20, 
are shown in Fig. Gib). 

From the table and Fig. (b), it is seen 
that Pauli paramagnetic terms are not so differ- 
ent with each other, whereas Curie- Weiss terms 
are largely different. The variation of Weiss tem- 
perature is worth noting, because it is related to 
bulk natures, such as the interaction between lo- 
cal moments and spin fluctuation of itinerant elec- 
tron system. The NCO0.7H2O phase was formed 
just by drying the NC01.3H20 phase without 
any high temperature treatment. Weiss temper- 
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Figure 2. (a) Magnetic susceptibilities 

of Nao.35CoO2T.3H2O (NC01.3H20) and 
Nao.35CoO2-O.7H2O (NCO0.7H2O). (b) the 
difference between the magnetic susceptibilies 
of NC01.3H20 and NCO0.7H2O (the former 
minus the latter). 
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ature will not vary by water molecules adsorbed 
on the surface of the grain. It will vary only when 
water molecules are intercalated (deintercalated) 
into (from) the bulk. Thus, it is reasonable to 
conclude that the Curie- Weiss terms are not fully 
originated form magnetic impurity phase (s) but 
they reflect at least partly some intrinsic natures. 
In particular, the Curie- Weiss-like enhancement 
below ~150 K in NC01.3H20, which disappears 
in NCO0.7H2O (see Fig. I^b)), should have in- 
trinsic origin. Microscopic measurements such as 
NQR and ^iSR support this conclusion |9I10| . 

The enhancement below ^150 K is consid- 
ered to be due to ferromagnetic spin fluctua- 
tion, because only ferromagnetic component can 
be observed by the static measurement. Ten- 
dency of ferromagnetic order in this compound 
has been already pointed out by Singh Wa- 
ter molecules in NCOI.3H20 look to reinforce the 
ferromagnetic fluctuation. Similar enhancement 
of the magnetic susceptibility is seen in La-doped 
Sr 2 Ru0 4 E3 and Na . 5 CoO 2 [H>|. 

As seen in Fig. Efb), Dc decreases below 25 K, 
which may suggest that the enhancement of c in 
NCO0.7H2O is intrinsic and is also caused by the 
ferromagnetic fluctuation. If the enhancement is 
due to a magnetic impurity phase(s), the decrease 
of Ax can not be explained because the impurity 
should exist in NC01.3H20, as well. Prelimi- 
nary fiSR measurements of NCO0.7H2O suggest 
that this enhancement has indeed intrinsic nature 
[H]. In NCO0.7H2O, superconductivity may be 
observed at extremely low temperature. 

Figure 01 displays the electron densities of 
NCOf .3H20 and NCO0.7H2O obtained by max- 
imum entropy method (MEM) on powder x-ray 
diffraction data |8I12| . As seen in the figure, 
the electrons of water molecules seem to be at- 
tracted by the Na ions in both structures. This 
phenomenon is related to the polarization of the 
water molecule. In case of NCOI.3H20, the wa- 
ter molecule is placed between the Na plane and 
the C0O2 layer, and the coulomb potential of the 
Na ions may be shielded by the polarized water 
molecules to yield less pronounced random po- 
tential at the C0O2 layer. This is very differ- 
ent from the situation of NCO0.7H2O where the 
water molecules and the Na ions are placed on 



Figure 3. Isosurfaces of electron distribu- 
tion of Nao.35CoO2T.3H2O (NC01.3H20) and 
Nao.35CoO2-O.7H2O (NCO0.7H2O) seen from 110 
direction [(a), (c), respectively]. Contour lines 
of electron distribution of NC01.3H20 and 
NCO0.7H2O cut at (2/3,0,0) [(b), (c), respec- 
tively] . 



the same plane. In general, physical properties of 
a two-dimensional electron system would be af- 
fected seriously by random potential. The disap- 
pearance of spin fluctuation in NCO0.7H2O may 
be caused by the random potential and the disap- 
pearance of superconductivity may be also caused 
by it. 

In summary, we synthesized the powder sam- 
ples of superconducting NC01.3H20 and non- 
superconducting NCO0.7H2O, and measured 
their normal-state magnetic susceptibilities. En- 
hancement of the susceptibility below ^150 K due 
to ferromagnetic spin fluctuation was observed in 
NC01.3H20 but not in NCO0.7H2O. From the 
MEM analyses, it is suggested that the water 
molecules in NC01.3H20 work to shield the ran- 
dom coulomb potential of the Na ions, providing 
smoother potential at the C0O2 layer. This effect 
of water molecules may account for the appear- 
ance of the ferromangetic fluctuation and super- 
conductivity in NC01.3H20. 
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